A multienergy oxygen ion implantation process was demonstrated to be compatible with the processing of high-power microwave AlGaN/GaN high electron mobility transistors (HEMTs). A high sheet resistivity and thermally stable isolation were demonstrated. The microstructures of implanted and postannealed specimens were investigated by transmission electron microscopy (TEM). The dependences of the sheet resistivity and different postannealing temperatures were correlated with the defect clusters and microstructure of lattice stacking faults. After 300 C annealing, the sheet resistivity was higher than 10 12 /square, which was attributed to the severe defect interaction eliminating the trapping centers and reducing the leakage current. A maximum output power density of 5.3 W/mm at V gs ¼ À4 V and V ds ¼ 50 V at 3 GHz was demonstrated on lag-free HEMTs without field plates on sapphire substrate. #
Introduction
GaN based high electron mobility transistors (HEMTs) have attracted considerable attention owing to their excellent performance for microwave, high-power, and high-temperature applications. AlGaN/GaN HEMTs have shown much higher output power density at microwave frequencies than GaAs-or Si-based transistors. Device isolation of GaNbased HEMTs is conventionally realized by dry etching to define the device active region. 1) However, implantation isolation has the advantage in the sense that it maintains the planarity of the device, which increases the yield and uniformity of GaN HEMT and monolithic microwave integrated circuit (MMIC) processes.
Implantation isolation has been studied in pure GaN or AlGaN materials using H þ , He þ , N þ , F þ , Mg þ , Ar þ , and Zn þ ions. [2] [3] [4] [5] [6] [7] [8] The O þ ion implantation isolation was also investigated on AlGaAs, 9) InAlN, 10) and GaN (n-type doping)/GaN materials, 11) to study the isolation quality and P/He, Ar þ , and N þ ion implantations have been carried out in the isolation of AlGaN/GaN HEMTs. [12] [13] [14] In this study, multienergy O þ ion implantation was applied for isolation in the fabrication of AlGaN/GaN HEMTs. The motivations for this are as follows. Firstly, O þ ion implantation isolation has better thermal stability than light atomic mass ion (i.e., H þ or He þ ). Secondly, the lower implantation incident energy decreases the probability of surface damage of the device and increases the yield. Thirdly, multiple incident energy and higher implantation ion density were used to ensure high quality isolation in both AlGaN Schottky and GaN buffer layers with a good thermal stability. The latter motivations are important in the discussion of isolation processes for full HEMT device processes, 15) as compared with isolation tests. Two major mechanisms concerning oxygen implantation isolation used for GaN-based HEMT isolation need to be confirmed, especially after the thermal annealing treatment. Firstly, is the isolation mechanism a physical damage or chemical compensation? Secondly, the TRIM calculation of atomic displacement only accounts for the ballistic process and neglects dynamic annealing (i.e., defect interaction process). However, ion-generated point defects that survive after the quenching of collision cascades may migrate through the lattice and experience annihilation and cluster formation. 16) For real GaN HEMT application, the post thermal annealing phenomenon should be considered because of subsequent high-temperature processes [300 C plasma-enhanced chemical vapor deposition (PECVD) passivation] and the operational channel temperature of AlGaN/GaN power HEMTs, which may be above 300 C. 17) In this paper, we focus on the analysis of an in-house O þ implantation process with different postannealing temperatures (T a s). 15) The effects of the ambient temperature and time on the sheet resistivity were investigated. Tunneling electron microscopy (TEM) analysis was carried out to understand the phenomena in the implanted area after annealing at different temperatures. Finally, the highperformance results of AlGaN/GaN HEMTs using the ion implantation process were demonstrated.
Experimental Methods
AlGaN/GaN heterostructures were grown on sapphire by metal-organic chemical vapor deposition (MOCVD) by Hitachi Cable Corporation. They consist of a 2-mm-thick unintentionally doped GaN buffer layer followed by 30-nm-thick undoped Al 0:3 Ga 0:7 N Schottky layer. From Hall measurements, the sheet carrier concentration and electron mobility were determined to be 1 Â 10 13 cm À2 and 900 cm 2 / (VÁs), respectively.
The TRIM software was used to simulate the implantation process.
2) Figure 1 shows the simulated depth profile of the distribution of the implanted O þ ions, and damage vacancies created by the implantation. The lower ion concentration near the wafer surface, below 50 nm [ Fig. 1(a) ], is of concern in the AlGaN/GaN HEMT process. Nevertheless, Fig. 1(b) shows a different shape vacancy depth profile without the surface low vacancy concentration problem.
The HEMT devices were 2 Â 50 Â 0:6 mm 2 gates defined in the middle of the 4 mm source-drain spacing. The epiwafers were first cleaned using a standard degreasing procedure and a standard RCA clean. Ohmic contacts were formed by e-beam evaporation of a Ti/Al/Ni/Au multilayer followed by rapid thermal annealing (RTA) in a nitrogen environment at 850 C for 30 s. The ohmic contact process step was done prior to the implantation isolation process. A typical contact resistance of 0.2 Ámm was measured on chip using TLM patterns. For the transistor process, the photoresist S1818 was used as an implantation mask to define the active region of the isolation testing sample and devices. All the samples were subjected to O þ ion implantation with implantation energies of 25, 50, and 75 keV, and the dose is 5 Â 10 14 cm À2 for each energy. The 0.6-mm-long gates were defined by electron beam lithography, and the Ni/Au gate metallization was deposited by e-beam evaporation. The transistors were passivated using SiN x by PECVD at 300 C, followed by the etching of probing windows using a fluorine-based RIE process. 18) The isolation test structure used in this work consisted of two 100-mm-wide ohmic contacts with a separation of 5 mm.
On these samples, the implantation process was carried out after the ohmic contact process without any active region definition.
Atomic force microscopy (AFM) analysis was utilized after implantation and post high temperature process to investigate the surface morphology. The TEM specimens were prepared by manual lapping before fine polishing by Ar-ion milling (Gatan precision ion polishing system). The TEM investigation was performed using the JEOL JEM-2010F FEG.
Results and Discussion

Resistivity testing
The sheet resistivity ( sh ) vs ambient temperature (T a ) was measured on the isolation test structures after different annealing times [ Fig. 2(a) ]. sh is higher than 10 12 /square up to at least 450 C annealing. After 100 h of annealing at 300 C, the implanted material sh was 4:3 Â 10 12 /square, which is higher than that of the sample with 1 h of annealing. The thermal stability of the O þ implantation is hence appropriate for subsequent HEMT processes (i.e., CVD SiN x passivation at 300 C) and normal operation.
17)
sh initially increases with T a and goes through a maximum at 450 C for all postannealing experiments. Pearton et al. explained this phenomenon as follows. The density of implant-induced damage sites is reduced and the probability for the trapped electrons to hop from one site to another (resistive (ohmic) current) decreases, until the hopping conduction reaches a minimum.
19) The PooleFrenkel effect is another damage-induced mechanism described in the literature. 8, 20) The field-enhanced thermal excitation of trapped electrons would get into the conduction band and increase the leakage current. This effect is also a function of the density of the trapping centers. 20) Pearton et al. claimed that the stable high sh after high-temperature annealing can be explained on the basis of the chemical compensation of the electrons by deep O-related acceptors like in the AlGaAs material. 11, 19) By relying on those investigations, the variation of sh with different T a s in our case can be completely explained on the basis of the damage-induced compensation. We use TEM analysis to investigate the physical damage-induced phenomenon in the specimens after annealing with our optimized HEMT implantation isolation process. 15) The sheet resistances of these samples were also measured as a function of temperature, and a temperature-activated behavior was observed. From this, we obtained activation energies of 0.43, 0.52, 0.12, and 0.03 eV at 300, 450, 600, and 850 C, respectively [ Fig. 2(b) ].
Material analysis
The rms of surface morphology on our wafers before implantation is 0.44 nm. The AFM analysis (Fig. 3) shows very good surface morphology after implantation and even after 1 h of high temperature (950 C) postannealing. This is important to achieve good yield and uniformity in GaN HEMT and MMIC processes. Figure 4 shows cross-sectional bright-field TEM (XTEM) images after 1 h of annealing at different T a s. Some defect clusters are observed in the implanted region of the asimplanted sample, especially close to the AlGaN-GaN interface [ Fig. 4(a) ]. However, much clearer defect clusters can be noted on the sample postannealed at 300 C [ Fig. 4(b) ]. With higher T a , a gradual annihilation of the defect clusters is observed [Figs. 4(c) and 4(d) ]. These results indicate that the dependence of sh correlates with the defect clusters.
These results provide evidence that the dynamic annealing during the implantation and the postannealing (subsequent SiN x passivation and device channel self-heating under operation) affect the defect interaction process. This type of defect cluster formation could change with different T a s affecting the implant-induced point defects interaction. More obvious defect clusters display a severe defect interaction and reduce the density of point defect sites, and the probability for the trapped electrons to hop from one site to another (resistive current) and to be excited into the conduction band (Poole-Frenkel effect) decreases. 8, 19, 20) The results also indicate that this type of implantation is suitable for AlGaN/GaN HEMTs that have operation channel temperatures of at least up to 300 C.
17)
Device performance
HEMTs with 2 Â 50 Â 0:6 mm 2 gates defined in the middle of the 4 mm source-drain spacing were processed on the same AlGaN/GaN structure grown on a sapphire substrate. Comparing the DC and pulsed current-voltage (I-V) characteristics of the HEMTs, with short 100 ns pulse time and 0.1% duty cycle, is an effective way to clarify the gatelag and drain-lag effects at the same time. 21, 22) Figure 5 shows three different measurements: DC, pulsed from V gs ¼ 0 V, V ds ¼ 0 V (pulsed #1), and pulsed from V gs ¼ V pinch , V ds ¼ 20 V (mimicking a class B operation, pulsed #2).
22)
The pulsed #1 measurement shows a higher current than DC owing to the absence of a self-heating effect. The pulsed #2 measurement shows almost no current collapse. On the basis of DC, and pulsed I-V measurements, we conclude that the O þ ion implantation isolation does not introduce trapping problems. The extrinsic cut-off frequency ( f T ) and maximum oscillation frequency ( f max ) calculated from s-parameters measured up to 50 GHz VNA were 33 and 57 GHz, respectively. The large signal performance of the devices was determined by CW load-pull measurements at 3 GHz without active cooling. The saturated output power density is 4.5 W/mm with 51.5% power added efficiency (PAE) at V ds ¼ 30 V, V gs ¼ À4 V. The highest output power density was 5.3 W/mm at V ds ¼ 50 V, V gs ¼ À4 V (Fig. 6) . 15) 
Conclusions
The multienergy oxygen ion implantation process was investigated by Monte Carlo computer simulation (TRIM), sheet resistivity and thermal stability isolation test, material analysis (AFM, TEM), and AlGaN/GaN HEMT demonstration. There is a clear correlation between the sheet resistivity (after different T a s) and TEM analysis results. From XTEM investigation results, the defect cluster formation changed with different T a s affecting the ion generated point defects interaction. Fewer implant-induced point defects reduce the probability of trapped electrons to hop from one site to another and to be excited to the conduction band. Finally, the devices were processed and characterized to demonstrate the compability of the multienergy oxygen ion implantation process in dispersion-free high-frequency and high-power AlGaN/GaN HEMT processing and operation. 
